In semiconductor devices, one usually takes advantage of the charge of electrons. In contrast, magnetic materials are utilized on the basis of electron spin. In order to develop new electronics, it is necessary to combine both features. Diluted magnetic semiconductor (DMS) can serve as an avenue to utilize both charge and spin functions of electrons for various applications [1] . Many group IV [2] , III-V [3] , and II-VI [3] DMS materials have been obtained by doping magnetic impurities into semiconductors. Nevertheless, most of them have a low Curie temperature (T C ), which limits their practical applications. In the quest for materials with high T C , the wide-gap material, ZnO, has emerged as an attractive candidate based on both theoretical and experimental studies for integrating the optical, electronic, and magnetic properties into a single substance [4, 5] . So far, room temperature (RT) ferromagnetism (FM) has been reported in many transition metal doped ZnO such as those doped with Mn [6] , Co [7] , Cr [8] , Ni [9] , V [10] , Fe [11] , and Gd [12] . On the other hand, characteristics of erbium doped ZnO thin films have been widely studied, such as the structural characteristics [13] , optical properties [14] , and electrical properties [15] . Nevertheless, the magnetic properties of Er-doped ZnO materials have seldom been reported. In this paper, the magnetic properties of a series of Er-doped ZnO thin films are studied and the origin of FM is also discussed.
The transparent Er-doped ZnO films were grown on glass substrates by radio-frequency (RF) reactive magnetron sputtering using Zn (purity: 99.99%) and Er (purity: 99.996%) together as targets. The sputtering chamber was evacuated by a molecular pump to a base pressure below 2 × 10 −5 Pa. During sputtering, the substrate temperature was kept at RT. Oxygen was introduced into the chamber as the reactive gas and the flow rate was controlled at 20, 25, 30, and 35 sccm, respectively. Additionally, argon was introduced into the chamber as working gas and its flow rate was regulated at 15 sccm. During the deposition, the chamber pressure and sputter power were fixed at 2. The samples were prepared and handled carefully to avoid any possible magnetic contamination. The undoped ZnO films prepared under the same conditions were examined and showed nonferromagnetic behavior, confirming that there is no extrinsic magnetic impurity contamination during the procedure of preparation. Figure 1(a) shows the M-H curve of the Zn 0.96 Er 0.04 O sample, which was deposited at RT with O 2 flow rate of 35 sccm. The measurement was carried out at RT by VSM under a maximum applied magnetic field of 8 kOe. The curve is composed of two parts: at lower field (H ≤ 2000 Oe), the curve exhibits magnetic hysteresis with a magnetic moment of 33 emu/cm −3 and coercivity of 28 Oe; while at higher field (H ≥ 2000 Oe), the curve exhibits paramagnetic behavior. Figure 1(b) shows the magnetization versus magnetic field (M-H ) curves measured at RT for Zn 1−x Er x O (x = 0.04, 0.05, and 0.17), where the contributions of the paramagnetism from both the films and the holder of VSM were deducted. As the Er concentration increases, the magnetic moment per erbium ion decreases from 0.60μ B /Er (x = 0.04) to 0.20μ B /Er (x = 0.17). The consistent drop in moment per Er ion at higher Er concentration could be due to an increasing occurrence of antiferromagnetic coupling between Er pairs occurring at shorter separation distances, which was similar to the system of Cu-doped ZnO [16] . 
where M(0) is the saturation magnetization at T = 0 K, and A is a coefficient correlated with the structural properties of material, C is the Curie constant and θ p is the paramagnetic Curie temperature. The best fit for the sample is shown by solid curve in Fig. 2 , from which we obtain M(0) = 29.5 emu/cm −3 , C = 1.42 emu K/cm 3 ·Oe and θ p = −0.596 K. The good fit of the combination of the standard 3D spin-wave and Curie-Weiss model suggests the coexistence of ferromagnetic and paramagnetic phases in the film. Temperature dependence of the magnetization also indicates that there is no intermetallic ErZn because there is no kink at T C ∼ 20 K in the M-T plot.
[18] Figure 3 shows XPS survey spectrum of the Zn 0.96 Er 0.04 O film prepared at the O 2 flow rate of 35 sccm. The result indicates that no other metal ions other than Zn and Er can be detected, and that Er ions are in a trivalent state in the Zn 0.96 Er 0.04 O film. XPS measurements of other Zn 1−x Er x O films led to similar spectra. Therefore, we can conclude that the RT FM is an intrinsic property of the materials caused by the presence of erbium in high-spin configuration (4f 11 6s 0 ). The XPS result of the Zn 0.96 Er 0.04 O sample also gives the fact that the atomic ratio of (Er + Zn) and O is about 2:5.
To further understand the origin of the FM of the films, the influence of O 2 flow rate on the ferromagnetic proper- [19] and Cu [20] in ZnO can increase the number of point defects. Meanwhile, Kohan et al. [21] calculated formation energies and electronic structure of native point defects in ZnO by using the first-principle pseudopotential method. Their calculation results showed that, depending on the partial pressure of Zn, the two most common defects in ZnO are likely to be oxygen and zinc vacancies (V O , and V Zn ). In particular, V O has lower formation energy than the zinc interstitial and hence should be more abundant in Zn-rich conditions; and correspondingly, V Zn should dominate in O-rich conditions. So, it is reasonable to conclude that abundant zinc vacancies and oxygen vacancies may exist in the Er-doped ZnO films deposited at the O 2 flow rates of 35 sccm and 20 sccm, respectively. Our experimental results may be consistent with bound-magnetic-polaron (BMP) model proposed by Coey et al. [22] , since both zinc and oxygen vacancies favor the formation of FM in DMS [23, 24] ions. The estimated magnetic moment per Er atom decreases with the erbium concentration increase. The result is due to an increase in the number of erbium ions occupying adjacent cation lattice positions, which are antiferromagnetic coupled with each other. The increase of O 2 flow rate from 20 sccm to 35 sccm, which changed the type and concentration of defects in the films, leads to the alteration of the magnetic moment in Er-doped ZnO films. This suggests that an exchange mechanism associated with defects such as oxygen and zinc vacancies is responsible for the FM in the Zn 1−x Er x O thin films.
